The recent discovery of hot dust grains in the vicinity of main-sequence stars has become a hot issue among the scientific community of debris disks. Hot grains must have been enormously accumulated near their sublimation zones, but it is a mystery how such a high concentration of hot grains is sustained. The most difficult conundrum is that the size of hot dust grains is estimated to lie in the submicrometer range, while submicrometer-sized grains are instantly swept away from near-stellar environments by stellar radiation pressure. One and only mechanism proposed for prolonging the residence time of hot grains in the near-stellar environments is trapping of charged nanoparticles by stellar magnetic fields. We revisit the model of magnetic grain trapping around main-sequence stars of various spectral classes by taking into account sublimation and electric charging of the grains. The model of magnetic grain trapping predicts that hot dust grains are present in the vicinity of main-sequence stars with high rotation velocities and intermediate magnetic-field strengths. On the contrary, we find that the detection of hot dust grains has no correlation with the rotation velocities of central stars nor the magnetic field strengths of the stars. Our numerical evaluation of electric grain charging indicates that the surface potential of submicrometer-sized grains in the vicinity of mainsequence stars is typically 4-5 V, which is one order of magnitude smaller than the value assumed by the model of magnetic grain trapping. On the basis of our numerical simulation on sublimation of dust grains in the vicinity of a star, it turns out that their lives end due to sublimation in a timescale much shorter than the period of one revolution at the gyroradius. It is, therefore, infeasible to dynamically extend the dwell time of hot grains inside the sublimation zone by magnetic trapping, while we cannot completely rule out the possibility of magnetic grain trapping outside the sublimation zone where the strength of stellar magnetic field has been underestimated in the previous model. Nevertheless, the independence of hot dust detection on the stellar rotational velocity and magnetic field strength favors a scenario that some other (yet unnoticed/overlooked) ubiquitous mechanism of grain trapping is at work.
INTRODUCTION
The central region of debris disks around main-sequence stars is best visible by near-infrared wavelengths at which thermal emission from hot dust grains near the central stars peaks. Near-infrared interferometric observations of debris disks, in other words, exozodis 1 have made the discovery of excess emission from hot dust in the vicinity of main-sequence stars (Absil et al. 2009 (Absil et al. , 2013 Ertel et al. 2014) . It turned out that the excess emission from hot dust equivalent to approximately 1% of stelar flux is a serious challenge for classical grain dynamics models. Currently available parametric models of exozodis attribute the nearinfrared excess to an enormous amount of submicrometer-sized grains near the sublimation zone, although they are too small to stay in bound orbits around the central stars against strong stellar radiation pressure (Lebreton et al. 2013; van Lieshout et al. 2014; Kirchschlager et al. 2017) . In a classical grain dynamics model, dust grains in orbit around a central star gradually spiral to the star by the Poynting-Robertson effect and accumulate at the outer edge of sublimation zone on account of the increase in the semimajor axis by sublimation (Burns et al. 1979; Kimura et al. 1997; Kobayashi et al. 2009 ). However, the enhancement of hot dust density at the outer edge of sublimation zone is limited to a factor of 10, which is far from sufficient to explain the observed excess emission from hot dust (Kobayashi et al. 2009 (Kobayashi et al. , 2011 van Lieshout et al. 2014 ). There are proposed mechanisms to supply dust grains in situ by electrostatic ejection of the grains from their parent bodies or through cometary activity of planetesimals in inner mean-motion resonances with eccentric planets (Kimura et al. 2014; Faramaz et al. 2016 ). Unfortunately, a vast supply of submicrometer-sized grains into the near-stellar environments would result in a considerable amount of dust outflows, which has not been observed to date. Moreover, these mechanisms are unable to prolong the resident time of the grains in the nearstellar environments, while trapping of dust grains in the vicinity of stars by a yet another mechanism, if exists, is relatively straightforward. Rieke et al. (2016) have proposed a model of magnetic trapping in which charged nanoparticles are dynamically confined in the stellar magnetic field inside the sublimation zone. Nonetheless, we find it difficult to justify the underlying assumptions of the magnetic grain trapping; First, it is not obvious whether the production of nanoparticles in the vicinity of a star by whatever mechanisms results in magnetic trapping instead of radiative blowout. Second, the model explicitly assumes that dust grains around A-type stars obtain the same electrical charges as around young stellar objects (YSOs), irrespective of a significant difference in their plasma temperatures, on which the electrostatic potential may be dependent (cf. Telleschi et al. 2005; Draine & Salpeter 1979) . Third, the model implicitly assumes that the radiation spectrum of A-type stars follows Planck's law with an effective temperature of 10,000 K, while the deviation of stellar spectra from Planck's law is significant in the ultraviolet, which might affect the photoelectric charging. Fourth, the model ignores the effect of sublimation on the dynamics of hot dust grains, while sublimation may prevent the grains from being trapped for a considerable period of time. Fifth, the model suggests that the duration of magnetic grain trapping is on the order of months or a few years at most, but the resident time of hot nanoparticles expected from observations is 5-50 years . Sixth, the model predicts an association between the detection of near-infrared excess emission and the rotation velocity of stars, but rapid rotators do not always have a near-infrared excess (Absil et al. 2013 ). Last but not least, since Rieke et al. (2016) ignored collisional destruction and stellar-wind velocity in their simulations, the magnetic trapping scenario needs to be further investigated with detailed numerical simulations, as emphasized by Kral et al. (2017) .
Inevitably, dust particles in debris disks are electrically charged by virtue of exposure to ultraviolet radiation and plasma flow from central stars, irrespective of their physical and chemical properties. As a result, the magnetic field of the central star might influence the dynamics of dust particles by exerting a force, called the Lorentz force, on the particles, the smallest ones, in particular (Parker 1964; Belton 1966) . This is because the Lorentz force is proportional to the radius of dust particles and the gravitational force is proportional to the volume of the particles. Numerical simulations on the dynamics of charged dust particles in the close vicinity of the Sun have shown that the Lorentz force plays an important role in the dynamics of the particles near the sublimation zone (Rusk 1988; Krivov et al. 1998; Czechowski & Mann 2010; Czechowski & Kleimann 2017) . The magnitude of the Lorentz force acting on a charged grain is proportional to the electrical charges on the surface of the grain or the electrostatic surface potential in other words. Therefore, it is clear that the electrical charge on the grain surface is the key quantity to elucidate the dynamics of dust particles near the sublimation zone in a stellar magnetic field. The electrostatic potential of dust particles, which is mainly determined by the current balance between plasma electrons and photoelectrons, has been estimated for the zodiacal dust disk around the Sun (Mukai 1981; Kimura & Mann 1998a) . In the vicinity of stars, thermionic emission and secondary electron emission might also make major contributions to the electric charging of grains (Belton 1966; Lefevre 1975; Mukai 1981) . Unfortunately, it is not obvious how the electrostatic potential varies in the sublimation zone nor how the spectral class of main-sequence stars affects the potential. Accordingly, a proper estimate of electrical charges on the surface of dust grains could help us understand the dynamics of dust grains in the near-stellar environments.
In this paper, we revisit the magnetic trapping of hot dust grains around main-sequence stars of various spectral classes by taking into account sublimation and electric charging of the grains. We first model electrostatic grain charging in the vicinity of main-sequence stars with various spectral types and stellar wind parameters. Subsequently we present our numerical results on the equilibrium temperatures, electrostatic potentials, and charge-to-mass ratios of dust particles near the sublimation zone, as well as the ratio of forces acting on the particles in the stellar magnetic and gravitational fields. The results are utilized to compare characteristic timescales for sublimation to periods of gyrating motion, and the detections of near-infrared excess emission to stellar rotation velocities and magnetic field strengths. Finally we discuss the plausibility of magnetic grain trapping based on our results of grain dynamics and our findings about the ubiquitous nature of hot grains.
2. GRAIN CHARGING Dust grains are electrically charged by a variety of electric currents J such as photoelectron emission, impinging of plasma particles, secondary electron emission, and thermionic emission (Belton 1966) . The derivative of the electric charge Q on the surface of a dust grain with respect to time t equals to the sum of electric currents, namely,
where J k is the electric current of the k-th charging process. It is clear that the condition dQ/dt = 0 provides an equilibrium charge Q on the surface of the grain and an equilibrium surface potential U g in turn by the following relation:
where a is the grain radius and ε 0 is the permittivity of vacuum. Here we shall first describe the details of our modeling on each electric current 2 , which is used to determine the equilibrium surface potentials of dust grains in a variety of stellar environments.
Photoelectron emission
The electric current due to photoelectron emission, J ph , is given by (Mukai 1981; Kimura & Mann 1998a )
where e, h, ν, C abs (hν), F (hν), Y (hν), and ρ ph ( ) are the elementary charge, Planck's constant, the frequency of incident photon, the absorption cross section of a photon having energy hν, the stellar photon flux in the range of frequency from ν to ν +dν, the photoelectric quantum yield at hν, and the energy distribution of photoelectrons in the range of energy from to +d , respectively. We compute C abs (hν) and Y (hν) in the framework of Mie theory as functions of photon energy, grain radius, and grain composition (Kimura 2016). The refractive indices of silicate and carbon 3 , which have been popular grain compositions for modeling of debris disks, are used for the computations (Laor & Draine 1993; Rouleau & Martin 1991) . The work function W decreases with grain radius a as (Brus 1983; Makov et al. 1988; Wong et al. 2003 )
where W ∞ is the work function for a bulk and ε is the static dielectric constant relative to vacuum. Table 1 gives the grain parameters such as W ∞ and ε used for computations of grain charging and sublimation. The energy distribution of photoelectrons may be approximated by (Grard 1973 )
with φ ph = 1 eV in the range of energy between min = max(0, eU g ) with U g being the surface potential of the grain and max = hν − W . The stellar photon flux F (hν) at a distance r from the central star is described as
where R is the stellar radius and P (hν) is the stellar radiance at photon energy hν (see Appendix A).
Plasma impingement
The electric current due to impingements of plasma particles, J imp , is given by (Draine & Salpeter 1979; Mukai 1981 ; Kimura & Mann 1998a)
where Z j e, σ j (v), and f j (v, θ) are the electric charge of the j-th plasma component, the collisional cross section of the j-th plasma component having radial velocity v at infinity, and the velocity distribution of the j-th plasma component at infinity in the ranges of radial velocity from v to v + dv and polar angle from θ to θ + dθ. The minimum velocity v 0 of the j-th plasma component to collide a grain is given by
where m j is the mass of the j-th plasma component. The dimension-less variable φ j is defined by
where k B is Boltzmann's constant and T j is the temperature of the j-th plasma component. The collisional cross section of the j-th plasma particles is given by
We assume thermodynamic equilibrium of plasma at a great distance from the surface of a grain so that the velocity distribution of the j-th plasma component is described by the Maxwell-Boltzmann distribution:
where θ is measured from the bulk velocity vector w of the plasma in the reference frame of the grain. If the bulk velocity of the plasma and the orbital velocity of the grain with respect to the central star are denoted as v sw and v g , respectively, we have w = v sw − v g .
Plasma penetration
The electric current due to penetration of plasma particles, J pen , is given by (Draine & Salpeter 1979; Kimura & Mann 1998a )
The minimum velocity v 1,j of the j-th plasma particle to penetrate a grain without neutralization is given by (Draine & Salpeter 1979; Kimura & Mann 1998a) 
where ψ j is related to the threshold energy ∆ j of penetration as
under the assumption that positive ions emerge neutral unless their exit energies exceed Γ j = (1/2)m j c 2 α 2 with c and α being the speed of light and the fine structure constant. The threshold energy ∆ j of penetration may be determined by the condition of R j (∆ j ) = 4a/3 where the projected range R j (E 0 ) for the j-th plasma particle having incident energy E 0 may be approximated by (Draine & Salpeter 1979) 
with fit parametersR j p j , and q j for the j-th plasma particle and the volumetric mass density ρ of dust grains (see Kimura & Mann 1998b ).
Secondary electron emission
The electric current due to secondary electron emission, J see , is given by (Draine & Salpeter 1979; Mukai 1981; Kimura & Mann 1998a )
where δ j (E 0 ) is the secondary electron yield at E 0 and ρ j ( ) is the energy distribution of secondary electrons in the range of energy from to + d . We compute δ j (E 0 ) as a function of incident energy in the framework of an elementary theory by taking into account the curvature of grain surface (Kimura & Mann 1998b) . The secondary electron yield δ j (E 0 ) depends on the grain composition 4 through the maximum yield δ max for a slab and the incident energy E max for δ max . The energy distribution of secondary electrons induced by bombardments of electrons may be approximated by (Draine & Salpeter 1979) 
with φ e = 2 eV. The energy distribution of secondary electrons induced by bombardments of positive ions may be approximated by (Draine & Salpeter 1979) 
with φ i = 1 eV.
Thermionic emission
The electric current due to thermionic emission, J th , is given by (Sodha 1961 )
where m e is the electron mass, κ is the material-dependent correction factor (0 < κ ≤ 1) and T g is the equilibrium temperature of a grain. It is common practice to compute the equilibrium temperature of a grain by solving the following equation of energy balance among the absorption of stellar radiation, thermal emission, and sublimation (Mukai & Yamamoto 1979; Kimura et al. 1997) :
where C abs (λ, a), F (λ), P (λ, T g ), dm/dt, and L are the absorption cross section of the grain having radius a at a wavelength of λ, the stellar radiance at a wavelength of λ, the Planck function at a wavelength of λ and a grain temperature of T g , the mass loss rate due to sublimation, and the latent heat of sublimation, respectively. The stellar photon flux F (λ) in the range of wavelength from λ to λ + dλ is related to F (hν) by
The mass loss rate dm/dt of a grain is given by (Mukai & Yamamoto 1979; Kimura et al. 1997 )
where u, M , p ∞ are the unified atomic mass unit, the molecular weight of grain substance, and the vapor pressure at the utmost limit of grain temperatures.
GRAIN DYNAMICS
Since classical grain dynamics models fail to account for the enormous accumulation of hot dust in the vicinity of central stars, we focus on the magnetic grain trapping scenario, regardless of dynamical mechanism for the injection of nanoparticles into near-stellar environments. The interaction between moving grain charges and stellar magnetic fields might play a vital role in the dynamics of dust grains near the sublimation zone, in particular, if the charge-to-mass ratio |Q/m| of a dust grain increases with decreasing grain size due to sublimation. Note that the value of |Q/m| is a decisive parameter to describe the importance of stellar magnetic fields compared with stellar gravitational fields. Because the grain charge and mass are given by Q = 4πε 0 aU g and m = (4/3)πa 3 ρ, respectively, we may express the charge-to-mass ratio in terms of the surface potential per unit area:
The influence of a magnetic field
If the stellar magnetic field is strong enough to trap a dust grain with the surface potential U g , then the grain gyrates with a period τ g given by
where B is the strength of the magnetic field and Θ is an angle between the velocity vector and the magnetic field vector. To evaluate the maximum effect of stellar magnetic field on the dynamics of hot grains in the vicinity of central stars, we hereafter adopt Θ = 90 deg, indicating that the magnetic field is perpendicular to the orbital plane of the grains. Eq. (24) implies that the gyration period τ g decreases with decreasing the surface area of the grain due to sublimation, if the surface potential U g is independent of grain size.
The influence of sublimation
In case that the mass losses of dust grains due to sublimation are crucial to their survival in the sublimation zone, magnetic trapping might not help prolonging the life of the grains in the vicinity of a star. Therefore, it is worth comparing the period of gyration with the timescale for sublimation in order to clarify whether the grain dynamics is dominated by magnetic trapping or sublimation. The characteristic timescale τ s for sublimation is given by (Kimura et al. 2002) 
which might impose restrictions on the dwell time for magnetic trapping. Note that Eq. (25) underestimates the characteristic timescale for sublimation if there is no influence of stellar magnetic field upon the dynamics of dust grains. Therefore, we focus our discussion on the influence of sublimation under the assumption that the magnetic trapping of dust grains takes place in the near-stellar environments. When the sublimation timescale τ s reaches 10 2 -10 3 times the orbital period of the particles, sublimation starts to influence the dynamics of dust particles significantly (Mukai & Yamamoto 1979) . Accordingly, we do not consider the influence of stellar radiation pressure on the dynamics of dust particles inside the sublimation zone nor the influence of the Poynting-Robertson effect, the timescale of which is much longer than the orbital period.
GRAIN ENVIRONMENTS
To scrutinize the plausibility of magnetic grain trapping, we shall first compile data for stellar and stellar-wind parameters by restricting the data to main-sequence stars, for which the detection or non-detection of hot grains was reported.
Stellar parameters
The rotation velocities V of main-sequence stars are often available in the literature, otherwise, in the form of V sin i where i denotes the inclination of the stellar rotation axis with respect to the line of sight. Accordingly, only if there is a lack of V in the literature and the inclination i d of a debris disk has been estimated, then we assume i = i d and derive V from V sin i/ sin i d (see Greaves et al. 2014) . In case of no available data for V nor i d in the literature, we are forced to evaluate the rotation velocities V of main-sequence stars using the following relation (Noyes et al. 1984) :
where τ c and Ro are the characteristic convection turnover time and the Rossby number, respectively. Except for A-type stars, we may utilize an empirical function for τ c (Noyes et al. 1984) :
where τ 0 = 1 day and x = 1 − (B − V ) with B − V being the B-V color index 5 . Note that this formula is in accord with an empirical function proposed for low-mass main-sequence stars by Wright et al. (2011), as long as the mass range of stars in Tables 2 and 3 is concerned. If the X-ray luminosity 6 L X and the stellar luminosity L fulfills the condition L X /L 10 −3 , then the Rossby number can be derived from the following empirical formula (Wright & Drake 2016) .
with c 0 = 1.1 × 10 −2 and η = 0.37. According to the magnetic trapping of dust grains proposed by Rieke et al. (2016) , we may assume a dipole magnetic field
where B is the strength of magnetic field at stellar surface. The strength of magnetic field at stellar surface, B , is often not available in the literature, but we may estimate the value of B using the following empirical formula (Babel & Montmerle 1997; Gallet et al. 2017) :
withB = 3 × 10 −2 T,Ro = 2.19, and ξ = 2 for stars with a surface radiative zone and an effective temperature above 6600 K andB = 2 × 10 −4 T,Ro = 1.96, and ξ = 1 for cooler stars with a surface convection layer. It is worthwhile to note that Eqs. (28) and (30) enable us to estimate the X-ray luminosity L X and also, excluding A-type stars, the rotation velocity through Eq. (26) with the help of Eq. (27) and the same with the converse. For the sake of simplicity, we assume that the magnetic dipole of a central star is not tilted with respect to the rotation axis of the star and thus the orbital plane of dust particles is perpendicular to the rotation and dipole axes. Tables 2 and 3 list the radius R , mass M , luminosity L , rotation velocity V , X-ray luminosity L X , and magnetic field strength B of main-sequence stars with the detection and non-detection of hot grains, respectively (Absil et al. 2009 (Absil et al. , 2013 Ertel et al. 2014 Ertel et al. , 2016 Nuñez et al. 2017) . The values are in principle taken from the literature in the last column of Tables 2 and 3 , otherwise, the values of V and B are in part estimated as described above. Note that an underlined value and an overlined one indicate that the values are the lower limit and the upper limit of the quantity, respectively.
Stellar wind parameters
The bulk velocity, the spatial density, and the temperature of a stellar wind are requisites for numerical calculations of the electric current due to the exposure of dust grains in the stellar wind. If observational data on the wind parameters are available in the literature, then we prefer to use the data, otherwise we shall derive them from our theoretical consideration. Concerning the velocity law, which is the dependence of stellar-wind velocity on the distance from the central star, we shall assume the so-called β-law (Lamers & Cassinelli 1999, Eq. 2.3). While stellar radiation pressure accelerates winds from hot stars rapidly, which results in β ≈ 0.5 − 0.8, the acceleration of winds by cool stars is weaker, yielding a larger β value (e.g., Castor et al. 1975; Pauldrach et al. 1986; Krtička & Kubát 2011) . By adopting β = 1, the bulk velocity v sw of the stellar wind can be given by
where v ∞ sw is the wind velocity at a great distance from the central star. As a crude estimate, the wind velocity v ∞ sw at a great distance from the central star is equal to the escape velocity:
where M and R denote the mass and radius of the central star and G is the gravitational constant. As far as a steady state is concerned, the spatial density n sw and the bulk velocity v sw of the stellar wind are related to the stellar mass-loss rate,Ṁ , aṡ M = 4πr 2 µm u n sw v sw , where µ, m u , and r are the mean molecular weight of stellar wind particles, the atomic mass unit, and the distance from the center of the star, respectively. Therefore, if the stellar mass-loss rate has been derived from measurements, then we may estimate the spatial density n sw of the stellar wind as
In case of no observational data onṀ , we approximate the stellar mass-loss rate using the following formula proposed by Andriesse (1979 Andriesse ( , 2000 who states its typical accuracy within a factor of two for main-sequence stars:
where L is the stellar luminosity. Note that the mass-loss rate given by Eq. (34) does not deviate from the one given by the commonly-used Reimers' law for late-type giants and supergiants and its extension to cooler stars (cf. Schröder & Cuntz 2005; Suzuki 2007 ). However, we are aware that Eq. (34) does not account for the evolution of stellar mass-loss rates observed for solar-type stars and thus might significantly overestimate or underestimate the mass-loss rates (cf. Wood et al. 2002 Wood et al. , 2005 . If the coronal temperature T cor is available in the literature, we estimate the stellar-wind temperature T sw as
although the radial dependence of T sw may slightly differ from star to star depending on the density. In the absence of observational data on T cor , the coronal temperature T cor can be determined from the following empirical relation with the X-ray surface flux L X /(4πR 2 ) for low-mass main-sequence stars Johnstone & Güdel 2015 )
whereT cor = 1.7 × 10 6 K andL X = 10 20.37 J s −1 . Tables 2 and 3 include the mass-loss rateṀ , coronal temperature T cor , and stellar-wind velocity v ∞ sw at a great distance from central stars with the detection and non-detection of hot grains, respectively. Note that the X-ray luminosity L X for A0-A5 stars might be caused by low-mass companions, typically K-or M-dwarfs, and thus the values of T cor for A0-A5 stars should be used with caution. Nevertheless, the weak dependence of T cor on L X assures that the values of T cor are accurate within a factor of two, even if the values of L X deviate from the true values by one order of magnitude. 
Equilibrium temperature
The temperature T g of dust grains is an essential physical quantity to correctly understand grain charging and dynamics in the sublimation zone through thermionic emission and mass loss. Figure 1 shows the equilibrium temperatures of dust grains around β Pic (A6V) and Eri (K2V) within r = 100 R from the stars (see Appendix A for their spectra). Carbon grains attain higher temperatures than silicate grains when compared at the same distance from the central star, owing to the high absorptivity of carbon grains. A kink in the radial distribution of temperatures determines the outer edge of sublimation zone, inside which hot dust grains suffer from intense sublimation. Dust grains around Eri sublimate at smaller distances from the central star than those around β Pic, because the former have lower temperatures compared to the latter.
Equilibrium surface potential
Following Rieke et al. (2016) , we consider a dust grain launched at a periapsis (i.e., v sw ⊥ v g ) and a velocity v g = GM /r with respect to the central star. Figure 2 depicts the equilibrium surface potential U g of dust grains as a function of radial distance from the central star. Our results reveal that a typical value of the equilibrium surface potential is U g ≈ 4-5 V, irrespective of stellar parameters and stellar-wind parameters. This can be ascribed to the condition that the grain charging is dominated by the electric current due to photoelectron emission, in which the highest energy of photoelectrons limits the surface potential of the grains. The potentials for small grains of a = 10 nm, in particular, near Eri tend to rise in the vicinity of the stars where the secondary electron emission dominates over the photoelectron emission. It turns out that thermionic emission is negligible for electric charging of silicate grains, while it gives a noticeable contribution to electric charging of carbon grains at the outer edge of sublimation zone. The positive values of surface potentials imply that the electric currents due to plasma impingement and penetration are lower than the current of photoelectrons (see Appendix B). Figure 3 shows the charge-to-mass ratio Q/m along the left vertical axis and the ratio of Lorentz force F L to gravitational force F G along the right axis as a function of grain radius a. The upper and lower panels depicts the results inside the sublimation zone at 4 R and outside the sublimation zone 40 R , respectively, from the center of β Pic (left panel) and Eri (right panel). The values for Q/m and F L /F G of dust grains consisting of astronomical silicate and amorphous carbon BE1 are given by open circles and open squares, respectively. It is clear that the charge-to-mass ratio Q/m and the ratio F L /F G of Lorentz force to gravitational force are approximately proportional to a −2 , irrespective of grain material and stellar parameters. Dust grains composed of amorphous carbon BE1 have slightly larger values of Q/m and F L /F G than those composed of astronomical silicate, but the differences are only a factor of two at most. Because the F L /F G values exceed 10 both inside and outside the sublimation zone around β Pic, the Lorentz force plays a significant role in the dynamics of dust grains having radius a = 10-100 nm around β Pic. In contrast, the ratio of F L /F G for dust grains inside the sublimation zone at 4 R around Eri exceeds unity for a 80 nm, but that for dust grains outside the sublimation zone at 40 R around Eri is smaller than unity for a 20 nm.
Charge-to-mass ratio

Period of gyration
In order for magnetic trapping to have considerable influence on grain dynamics, the period τ g of circular motion must be significantly shorter than the timescale τ s for sublimation. Figure 4 shows the period τ g for the gyrating motion of dust grains in a magnetic field of β Pic (left) and Eri (right) as a function of radial distance from the central star. The period for gyration motion increases with distance r from the central star and radius a of hot grains, irrespective of grain material and stellar parameters. As a result, the results are consistent with the gyration period that follows τ g ∝ r 3 a 2 , which comes from B ∝ r −3 and U g ∼ const. in Eq. (24). The gyration period is on the order of days for grains with radius a = 100 nm and on the order of hours for a = 10 nm at r ∼ 10 R , while the period is shorter in β Pic than in Eri, because of its inverse proportionality to the magnetic field strength. Because sublimation reduces the radius of grains, the period for the gyrating motion, τ g , drastically decreases as sublimation proceeds. Nevertheless, as shown below, the period τ g of gyrating motion is still significantly longer than the timescale τ s for sublimation.
Timescale for sublimation
The timescale for sublimation varies widely with the temperature of dust grains through the dependence of dm/dt on the grain temperature. Figure 5 shows the characteristic timescales τ s for sublimation as a function of radial distance from the central star. There is a kink at the outer edge of sublimation zone where the second term in the right-hand side of Eq. (20) becomes comparable to the first term. Sublimation zone around β Pic is larger than that around Eri and silicate grains sublimate at larger distances compared to carbon grains. Because sublimation reduces the radius of grains, the characteristic timescales τ s for sublimation tend to increase or decrease if they are composed of astronomical silicate or amorphous carbon, respectively. The timescale for sublimation is so short inside the sublimation zone that hot dust grains cannot survive even for a second inside their sublimation zones, while it rises dramatically beyond the outer edge of sublimation zone.
The effect of stellar rotational velocity
Interferometric observations of debris-disk stars in the near-infrared wavelength range have revealed that the excess emission from hot dust grains appears in approximately 10-30% of the stars (Absil et al. 2009 (Absil et al. , 2013 Ertel et al. 2014; Nuñez et al. 2017) . Rieke et al. (2016) claim that the near-infrared excesses depend on the rotational period of the central star, if the excesses are associated with the magnetic trapping of nanometer-sized dust particles. Therefore, we shall investigate whether the observed interferometric near-infrared excess of a debris disk around a main-sequence star correlates with the rotational velocity of the star. Figure 6 depicts interferometric near-infrared excesses in the H-band (left) and the K-band (right) versus the rotation velocity of central stars. Red closed circles, red closed squares, and blue open squares indicate stars with clear detections, with tentative detections, and without detections of near-infrared excesses in observed interferometric data, respectively. As opposed to the hypothesis of magnetic grain trapping, we find no evidence of the relationship between the detection of hot dust grains in the vicinity of central stars and the fast rotation of the stars.
The effect of stellar magnetic field
According to Rieke et al. (2016) , strong stellar magnetic fields do not help magnetic grain trapping, because a small gyroradius of grains due to strong magnetic fields enhances a collisional probability of the grains. Weak stellar magnetic fields are ineffective in magnetic grain trapping either and thus magnetic grain trapping is limited to a certain range of magnetic field strength. Figure 7 presents how interferometric near-infrared excesses in the H-band (left) and the K-band (right) depend on the magnetic field strength of central stars. As in Fig. 6 , stars with clear detections, with tentative detections, and without detections of nearinfrared excesses in observed interferometric data are denoted by red closed circles, red closed squares, and blue open squares, respectively. There seems to be no correlation between the excess emission and the strength of stellar magnetic field, B , in the H-band nor in the K-band. Even though the product of the magnetic field strength and the grain charge is the key quantity, the weak dependence of grain charge on stellar parameters does not change the unfavorable situation to the magnetic grain-trapping scenario.
DISCUSSION
We have revisited the magnetic grain trapping by modeling the electric charging of dust grains in the vicinity of main-sequence stars as the electric charge on the grain surface is the key parameter for the strength of magnetic grain trapping. The model utilizes our estimates of stellar parameters and stellar-wind parameters, which are requisites for computing electric currents of various charging processes. The most advantage of our model is that the computation of grain charges is not restricted to spectral classification of the stars nor physical properties of the grains. Therefore, one can apply our model of grain charging to any stellar environments and grain properties, as far as main-sequence stars are concerned. It has turned out that dust grains in exozodis are electrically charged up to U ≈ 4-5 V at least for stellar environments and grain properties considered in this paper. Although nanometer-sized grains may attain higher surface potentials in the sublimation zone, we expect that the intense electrical charging has only a limited effect on the dynamics of the grains compared to sublimation. A typical value of U ≈ 4-5 V in exozodis agrees with the surface potential of dust grains in the zodiacal cloud around the Sun (Mukai 1981; Kimura & Mann 1998a) . Consequently, if only an order of magnitude estimate is required for the surface potential of grains in exozodis, it is safe to assume the surface potential of U ≈ 4-5 V.
Contrary to the electrostatic surface potential of U = 40 V assumed in the model of magnetic grain trapping by Rieke et al. (2016) , we have revealed in Fig. 2 that a typical value of surface potential be U ≈ 4-5 V in exozodis. This stems from the fact that the major charging process is the photoelectron emission where the maximum energy of photoelectrons determines the surface potential. As a result, the model of magnetic grain trapping clearly overestimates the surface potential of nanoparticles in the sublimation zone by one order of magnitude. In contrast, they assumed the strength of magnetic field at stellar surface to be B = 10 −4 T, while realistic strengths of stellar magnetic fields might be one to two orders of magnitude higher than the assumed value. Because the product of grain electric charge and magnetic field strength is the key quantity for the dynamics of hot grains in a stellar magnetic field, the motion of hot grains might be reasonably well simulated by the model of Rieke et al. (2016) . Therefore, we cannot dismiss the model of magnetic grain trapping only by our numerical estimates of electric grain charging.
We have shown that the sublimation of grains takes place in a much shorter timescale than the magnetic trapping of the grains inside the sublimation zone at least in the cases of β Pic and Eri. The strength of magnetic field at the surface of β Pic has been estimated to be B ≈ 8 × 10 −3 T, more than one order of magnitude larger than the value assumed by Rieke et al. (2016) . Therefore, the correction of the stellar magnetic field strength to the model of Rieke et al. (2016) does not significantly reduce the period of gyration short enough to prolong the lifetime of grains trapped in the stellar magnetic field. In consequence, the magnetic trapping of grains in the sublimation zone does not seem to be a potential mechanism to prolong the lifetimes of the grains in the near-stellar environments.
While we have assumed B ∝ r −3 according to Rieke et al. (2016) , we are aware that the radial dependence of the magnetic field strength becomes weaker as the radial distance r increases. Such a variation in the radial dependence of the magnetic field strength is associated with the nature of magnetic field lines frozen in the stellar wind. As a result, the azimuthal component of magnetic fields could predominate over the radial component in the far distance from the central star, which leads to B ∝ r −1 . This might imply that the periods for gyration motion, τ g , shown in Fig. 4 be significantly overestimated in the far distance. In particular, the radial distance beyond which the azimuthal magnetic field becomes the dominant component is closer to the central star for fast rotating stars in comparison with slow rotators (Weber & Davis 1967; Belcher & MacGregor 1976; Sakurai 1985) . It should be, however, noted that the assumption of Θ = 90 deg (i.e., v g ⊥ B) is out of harmony with the predominance of the azimuthal component. According to Parker (1958) , we may assume sin Θ ≈ (v ∞ sw /V )(R /r) in the far distance from the central star. This results in τ g ∝ r 2 at large r, instead of τ g ∝ r 3 , indicating that we might have overestimated τ g by an order of magnitude, but not more than two orders of magnitude within r = 1 au. Therefore, we still obtain τ s < τ g inside the sublimation zone and thus rapid sublimation prevents the magnetic trapping of charged nanoparticles from taking place in this region. This does not exclude the possibility of magnetic grain trapping outside the sublimation zone where the strength of stellar magnetic fields has been underestimated in the model of Rieke et al. (2016) .
Even if hot dust grains accumulate outside the sublimation zone, the near-infrared excess emission from hot grains implies that the location of the grains should not be very far from the outer edge of the sublimation zone. In case that the Lorentz force acting on dust grains is smaller the gravitational force on the particles at distances very far from the outer edge of the sublimation zone, they must first be transported to near-stellar environments by the Poynting-Robertson effect. However, small dust grains cannot stay in bound orbits after released from their parent bodies, provided that the radiation pressure force exceeds half the gravitational force. By studying the ratio of forces acting on nanoparticles in the magnetic and gravitational fields of a central star, we confirm that the Lorentz force dominates the dynamics of nanoparticles smaller than a = 100 nm near the outer edge of the sublimation zone (see Fig. 3 ). Therefore, the dynamics of nanoparticles, if they exist, is controlled by the magnetic field and only sublimation poses a threat to the scenario for the magnetic grain trapping. If the mechanism of trapping hot grains in the vicinity of a central star is not associated with stellar magnetic fields, then we must anticipate that the size of hot dust grains lies in the range of a 100 nm.
One of our important results is that the observed interferometric data do not show any correlation between the detection of hot grains and the magnitude of stellar rotations nor the strength of stellar magnetic fields (Figs. 6 and 7) . This is clearly at odds with the proposed model of magnetic grain trapping by Rieke et al. (2016) that predicts the presence of hot grains around rapidly rotating stars with intermediate magnetic fields. It is worth noting that Absil et al. (2013) suggested a possible correlation between the near-infrared excess emission and the rotation velocities of A stars, while Ertel et al. (2014) claimed no correlation. The arguments in the latter are based on the presence of fast rotators without hot grains, but a temporal variation in the detection of hot grains may weaken their arguments. In contrast, our results reveal the presence of slow rotators with hot grains providing strong evidence for no correlation between the near-infrared excess emission and fast stellar rotation. Our results imply that the proposed model of magnetic grain trapping needs to be rejected or at least largely modified to get rid of the dependence on the stellar rotation and magnetic field strength. Since the magnetic grain trapping is so far the one and only mechanism proposed for prolonging the lifetime of hot grains in the vicinity of main-sequence stars, the refutal of the magnetic grain trapping leads us to the conclusion that the mechanism of trapping hot grains in the vicinity of a central star remains a mystery.
The presence of hot dust grains has been identified among approximately 10-30% of main-sequence stars by near-infrared interferometric observations (Absil et al. 2009 (Absil et al. , 2013 Ertel et al. 2014; Nuñez et al. 2017) . On the one hand, the detection of hot grains in the vicinity of main-sequence stars does not show clear dependences on stellar parameters nor spectral classes. On the other hand, a temporal variation in the presence of hot grains implies that an unsuccessful detection of hot grains in a specific observation does not guarantee the absence of hot grains in other periods of time Nuñez et al. 2017 ). This does not conflict with a temporal variation in the detection of near-infrared excess around 4 R fron the G-type Sun, which has been attributed to the solar dust ring (see Kimura & Mann 1998b) . These could be interpreted as the fact that the presence of hot grains in the vicinity of main-sequence stars is more ubiquitous among main-sequence stars than previously thought.
We are grateful to JSPS's Grants-in-Aid for Scientific Research (KAKENHI #23244027, #26400230, #15K05273, #17H01105, #16H02160, and #17H01153). We would like to thank Hiroshi Kobayashi for fruitful discussions on the dynamical behavior of hot dust grains while preparing this paper and anonymous reviewers for their useful comments. This research has made use of the SIMBAD data base, operated at CDS, Strasbourg, France.
APPENDIX
A. STELLAR SPECTRA The stellar spectrum P (hν) from ultraviolet to infrared wavelengths is a requisite for computations of the electric currents due to photoelectric emission and thermionic emission. We choose the K2V star Eri and the A6V star β Pic to represent Vega-like main-sequence stars without and with the presence of hot grains, respectively. Loyd et al. (2016) constructed the stellar spectrum for M and K-type stars by combining observed data in the X-ray, empirical estimates in the extreme ultraviolet (EUV), and a model spectrum in the visible to infrared (IR) wavelength range. We adopt the stellar spectrum for Eri given in Loyd et al. (2016), while we construct the stellar spectrum for β Pic in a similar way as Loyd et al. (2016) . For the spectrum of β Pic, we combine the X-ray data given in Hempel et al. (2005) and given by the APEC coronal model of Smith et al. (2001) , adopt a model of Sanz-Forcada et al. (2011) in the EUV, and utilize the plasma simulation code CLOUDY (ver. 13.04), last described by Ferland et al. (2013) , and ATLAS atmosphere models to describe the model spectra in the FUV to infrared (IR) wavelength range (Castelli & Kurucz 2003) . Figure 8 shows the stellar spectra P (λ) for β Pic and Eri where P (λ) is linked to P (hν) as follows:
The stellar spectra from visible to infrared wavelengths show less spectral lines in β Pic compared with Eri, since the former has a higher effective temperature and thus a higher ionization degree than the latter.
B. ELECTRIC CURRENT RATIO OF ELECTRON IMPINGEMENT TO PHOTOELECTRON EMISSION
To demonstrate the dominance of photoelectric emission over grain charging, we compare the electric current due to electron impingement, J e , and the electric current due to photoelectron emission, J ph . The ratio of the currents, J e /J ph , for neutral (i.e., Q = 0) dust grains at rest (w = 0) in the reference frame of stellar wind can be written as
where v cor is the mean thermal velocity of electrons in the corona:
with m e being the mass of an electron, and I 0 is the photoelectron flux at r 0 = 1 au from the central star:
with Q abs (hν) = C abs (hν)/(πa 2 ) being the absorption efficiency of the grains at photon energy hν. To obtain the upper limit to the current ratio, we shall take I 0 = 5.9 × 10 13 electrons m −2 s −1 , which corresponds to the photoelectron flux from lunar fine grains under solar irradiation Senshu et al. 2015) . noted that photoelectrons emitted from a fine grain are most likely reabsorbed by the other grains, because the photoelectron flux from lunar fine grains is one order of magnitude lower than the fluxes from solid surfaces, regardless of the surface materials (cf. . In addition, the photoelectric quantum yield Y (hν) for dust grains with a = 100 nm or smaller is higher than the yield for a bulk surface of the same material (Kimura 2016). Therefore, we may expect that the photoelectron flux of single small grains are significantly higher than I 0 = 5.9 × 10 13 electrons m 
Namely, the condition of J e /J ph < 1 is fulfilled except for the sublimation zone at r < 3 R , indicating that photoelectron emission is indeed the dominant charging process. We confirm J e /J ph < 1 by the current ratios J e /J ph numerically computed from Eqs. (3) and (7) not only around the Sun but also around β Pic and Eri, except for carbon grains in the immediate vicinity of Eri at r < 6 R . References-(1) ; (2) Shannon et al. (1991) ; (3) Laor & Draine (1993) ; (4) Hwang & Daily (1992) ; (5) Nagahara et al. (1994) ; (6) ; (7) Louh et al. (2005); (8) Rouleau & Martin (1991) ; (9) Bruining (1954); (10) Ivey (1949) ; (11) Clarke & Fox (1969) . 
NOTE-Underlined values and overlined ones indicate that the values are the lower limit and the upper limit of the quantity, respectively. † The near-infrared excess has been designated as a tentative detection (Absil et al. 2013; Ertel et al. 2014) . ‡ A temporal variation in the near-infrared excess including non-detection of the excess has been reported (Kimura & Mann 1998b; Ohgaito et al. 2002; Ertel et al. 2016; Nuñez et al. 2017 ). § The near-infrared excess has been detected in one of the two (H and K) bands, but not in the other band (Ertel et al. 2014; Nuñez et al. 2017 ). ¶ The follow-up observations did not show a statistically significant excess, while uncertainties in the follow-up observations were larger than the previous observations (Nuñez et al. 2017 ).
The follow-up observations showed a statistically significant excess, although it is not clear whether or not the near-infrared excess shows a temporal variation (Nuñez et al. 2017 ).
The magnetic field strength B is used to derive the Rossby number Ro from Eq. (30) and then the X-ray luminosity LX from Eq. (28).
The rotation velocity V is used to derive the Rossby number Ro from Eqs. (26) and (27), and then the X-ray luminosity LX from Eq. (28). 
